Results of our experiments allow better understand the impact and importance of orthogonal transformations in communication systems and outlines major problems in the system design.
The structure of paper is as follows: Section "Theory and definitions" gives mathematical background about channel types and orthogonal transforms used. Section "Results and discussion" contains actual simulation results and their information about simulation details. In "Conclusions" section we attempt to explain the obtained results.
Theory and definitions
OFDM is modulation scheme employing parallel transmission of digital information using multiple orthogonal subcarriers. As name of this technique states, these subcarriers are sinusoids with different frequency. Modulation process can be described with equation
where k is sample index in time domain, n is sample index in the frequency domain and φ(n,k) is DFT. In practice N must be limited, and this leads to block-wise transmission.
Applications where large delay is acceptable (for instance, broadcasting) N can reach 10 3 . In real-time applications, such as ADSL or wireless LANs, block size is limited to several hundreds. Demodulation process transforms received time domain signal r(k) back into frequency domain
It is possible to perform modulation and demodulation with aid of filter bank [4] . However, most OFDM implementations utilize inverse fast Fourier transform (IFFT) for modulation and fast Fourier transform (FFT) for the demodulation.
Every OFDM communication system consists of units responsible for signal transformation, channel estimation and equalization and form synchronization devices. Block diagram of typical communication system model is depicted in Fig. 1 . OFDM signal structure consists of frames. Beginning of each frame contains service information, synchronization symbols and pilot symbols. Each OFDM symbol (including pilot and sync symbols is prefixed by cyclic prefix (CP), which consists from samples from the end of the symbol. 
Hadamard transform base functions φ(n,k) are columns of Hadamard matrix. Inverse base functions can be obtained from the rows of the same matrix:
Phi transform is a rotation based transform being developed during latest decade. This transform rotates signal vector in arbitrary direction. In fact, using rotation we can obtain all three previously mentioned transforms. This transform facilitates rotation by real and complex angles [2] . Base functions of this transform are columns of the factorized matrix:
Which in turn is consists from Stairs-like Orthonormal Generalized Rotation (SOGRM) matrices 
Which contains unitary four-element rotation matrices .
If γ=0, then rotation by real angles is performed. If communication channel is frequency selective, equalizer is required to achieve viable BER. Actually each transform requires its own transform-domain equalization method. Thus in identity transform based system we utilized adaptive Least mean-square (LMS) algorithmbased time-domain equalizer (TDE). This equalizer performs deconvolution between estimated channel impulse response and transmitted samples. Notice, that CP in this scheme is not used efficiently.
In case of DFT based OFDM, equalization is based on relatively simple frequency domain channel estimation and equalization. Each OFDM symbol (group of N samples) is prefixed by CP. Cyclic nature of OFDM symbols provides very efficient way for inter-carrier interference (ICI) and inter-symbol interference (ISI) mitigation. Firstly CP serves as guard interval, secondly Fourier transform decomposes circulant channel matrix into series of independent channels [5] . Therefore channel estimation and equalization is reduced to series of scalar divisions and multiplications of complex values. Channel frequency response estimate is ratio between received d p (n) and transmitted p p (n) pilot samples
Equalization is done by scalar division of received samples p(n) to channel estimate
Obviously, if we choose other than Fourier transform, channel with CP will not decompose into series of independent channels. Both Hadamard transform and Phi transform lack their own-domain equalization methods, so we had to choose between time domain and "frequency" (base function) domain equalization. Our aim is show in this paper some advantages (or drawbacks) of this approach.
Timing and frequency synchronization in OFDM is a big hurdle [6] . Synchronization mechanisms our models were simplified to minimize impact of the synchronization issues on performance of the model. Transmitter and receiver clocks were same and both units were launched simultaneously. Therefore frequency, symbol timing and frame synchronization was ideal.
One of the major disadvantages of DFT based OFDM modulation scheme is large peak to average power ratio (PAPR), since time domain signal is sum of sinusoids with different frequencies. PAPR (in dB) of signal s(t) is defined as follows:
System performance degradation due nonlinearities of communication equipment have larger effect on signal with larger PAPR. In our experiments we tested impact of nonlinear channel with additive noise and clipping at 50% of peak level.
Results and discussion
Our OFDM communication system model was built using Mathworks Simulink environment. Block diagram of the communications system is depicted in Fig. 1 .
OFDM time-domain signal consists of frames. Each frame consists of 4 pilot (training) symbols at the beginning at the frame and 20 payload symbols. Each symbol (including pilots) consists of 80 samples (subcarriers in frequency domain), and 16 from them are CP.
To measure impact of various communication channel impairments, we tested each transform with four different channels:
 Additive white Gaussian noise (AWGN) channel;  Channel with clipping at 0.5 of peak magnitude with AWGN;  Frequency selective channel with AWGN.
Impulse and frequency characteristics of this channel are given in Fig. 2 . In all experiments we adjusted variance of the additive noise to achieve required signal to noise ratio (SNR) and then measured bit error ratio (BER) of the system.
Simulation results are depicted in Fig. 3 , Fig. 4 and Fig. 5 . In the legend, TDE stands for "time domain equalizer". Notice, that in all cases, except identity transform, it is not pure TDE since equalization is applied in the transform domain, but not in the time domain (see model scheme in Fig. 1 ). FDE, in turn, means "frequency domain equalization". Again, it is not pure FDE, except DFT mode, since we are not using frequency division. In other words, we just tested two different approachesdeconvolution and multiplication. PAPR of transmitted signals is summarized in Table 1 . 
Conclusions
In AWGN channel performance of all transforms is similar and is affected mostly by equalizer (which in this case does not help) faults. In accordance with [7] certain Phi configurations provide even some performance gain.
In frequency selective channels DFT significantly outperforms other orthogonal transforms due powerful equalization.
Given Phi transform configuration (CRAIMOT 30 0 ) is not suitable nor for deconvolution (TDE) nor for multiplication based (FDE) equalization.
To achieve acceptable BER results with Hadamard or Phi transform, appropriate transform domain equalization methods must be developed.
Frequency domain equalization is more BER efficient. Moreover, it is computationally more efficient as well. To overcome large PAPR problem, single carrier frequency domain equalizer modulation SC-FDE scheme can be used [8, 9] .
